Purpose of Review We review the genetics of the autosomal dominant, multi-system disorder Alagille syndrome, and provide a summary on how current functional models and emerging biotechnologies are equipped to guide scientists towards novel therapies. The importance of haploinsufficiency as a disease mechanism will be underscored throughout this discussion. Recent Findings Alagille syndrome, a human disorder affecting the liver, heart, vasculature, kidney, and other systems, is caused by mutations in the Notch signaling pathway ligand, Jagged1 (JAG1) or the receptor, NOTCH2. Current advances in animal modeling, in vitro cell culture, and human-induced pluripotent stem cells provide new opportunities in which to study disease mechanisms and manifestations. Summary We anticipate that the availability of innovative functional models will allow scientists to test new gene therapies or small molecule treatments in physiologically-relevant systems. With these advances, we look forward to the development of new methods to help Alagille syndrome patients.
Introduction
Alagille syndrome (ALGS) is an autosomal dominant disease with an estimated incidence of 1:30,000 to 1:50,000 live births and is characterized by 5 main clinical features including cholestasis with bile duct paucity, cardiac defects, posterior embryotoxon, characteristic facies, and butterfly vertebrae [1, 2] . Affected individuals present with at least three of these five features, although additional clinical manifestations, such as renal, bone, or vascular anomalies, have also been noted [3, 4] . Given this wide range of phenotypes, patients undergo multidisciplinary treatment via a team of clinical specialists. Despite our extensive understanding of the disease characteristics, there is no curative treatment for ALGS. Medications, including ursodeoxycholic acid, cholestyramine, rifampin, naltrexone, and more recently, sertraline, have been used to treat the symptoms of pruritus and xanthomas that commonly accompany the cholestatic feature of the disease [2, 5] . More invasive interventions, such as biliary diversion and liver transplantation, are sometimes required for treatment of refractory pruritus or progressive liver disease [6] [7] [8] . Complex cardiac disease is treated surgically when symptoms indicate, and less serious manifestations are followed as dictated by the cardiac lesion and severity [4] .
The genetics of ALGS are well-defined and mutations in the Jagged1 (JAG1) gene are found in close to 95% of affected individuals, with most mutation types leading to a nonfunctional protein. This data suggests that the disease mechanism occurs through haploinsufficiency. Since the original identification of the genetic etiology of ALGS 20 years ago, a strong focus has been to fully characterize the genetic presentation of the disease and its associated molecular pathway in order to understand disease pathogenesis. During this time, and particularly with more recent scientific advances, a wide range of animal and in vitro disease models have been This article is part of the Topical Collection on Pathobiology of Orphan Diseases identified and optimized to guide studies towards a therapeutic objective. Of particular interest with these studies, and what will be the focus of this review, is the associated liver disease since it is an important and ongoing cause of morbidity and mortality in many ALGS patients. Currently, the models, reagents, and technology exist such that the field is poised to ask and answer therapeutically-relevant questions that have the potential to enhance the treatment options available for affected individuals. We will discuss what is known about ALGS genetics and disease mechanisms and review current functional models in order to understand possible novel therapeutic options in the setting of advancing molecular technology.
Genetics of ALGS Causative Genes and Phenotypic Variability
ALGS is caused by mutations in genes that impair Notch signaling, a highly conserved pathway that is fundamental to the development of multiple organ systems, which explains the pleiotropic nature of the disease. JAG1 is one of five known Notch signaling ligands (JAG1, JAG2, DLL1, DLL3, and DLL4), and it is expressed as a cell surface protein with extracellular, intracellular, and transmembrane domains.
There are four Notch receptors in humans (NOTCH1-4), which are also cell surface proteins composed of two peptides (an extracellular and an intracellular peptide) that are covalently linked. Through a paracrine signaling mechanism, Notch ligands bind Notch receptors on adjacent cells and initiate a cascade of events that includes proteolytic cleavage of the Notch intracellular domain (NICD) and subsequent translocation of the NICD to the nucleus where it directly regulates transcription of target genes. For a detailed understanding of the important molecular events involved in Notch signaling, we recommend referring to one of the many review articles that have been published on this topic [9] [10] [11] .
In ALGS, 94-95% of patients have a heterozygous mutation in the Notch ligand, JAG1 (Fig. 1a) , and 1-2% of patients have a heterozygous mutation in the Notch receptor, NOTCH2 [2, [13] [14] [15] [16] . The vast majority of JAG1 mutations are truncating mutations (nonsense or frameshift) or whole/partial gene deletions, which can be located across the extracellular domain of the protein. It is suggested that ALGS is caused by haploinsufficiency of JAG1 on the basis that individuals with whole gene deletions can have identical phenotypes to those with intragenic mutations [1, 17] . A number of missense mutations have also been studied, and in most cases, it has been shown that these proteins are not properly trafficked to the cell surface and thus unable to physiologically interact with Liver disease stratification and data include patients from the GWAS published by Tsai et al. [12] NOTCH2, further supporting a model of haploinsufficiency [18] [19] [20] [21] . A dominant negative mechanism was proposed by Boyer-Di Ponio et al. based on the observation that mutant JAG1 protein was observed in cell culture media and was able to compete with immobilized protein to inhibit Notch signaling when cells were transfected with either a missense or nonsense JAG1 cDNA [22] . However, the relevance of this cell culture model to the clinical disease has not been established. The numerous studies that show trafficking and protein folding defects of mutant proteins, as well as the observation of similar phenotypes for individuals with missense mutations and those with full gene deletions, support a more likely disease mechanism of haploinsufficiency and gene dosage [17] [18] [19] [20] [21] [23] [24] [25] . The mechanism of action of the smaller number of NOTCH2 mutations is not as clear, although it has been shown that some mutations have impaired signaling ability [26] .
Although the majority of patients have de novo JAG1 mutations, up to 40% of affected individuals inherit a mutation from a parent ( [17, 24] and Spinner et al. unpublished data), many of whom are seemingly unaffected or only mildly affected. The extreme phenotypic variability that is seen among families harboring the same mutation is a hallmark feature of ALGS [27] [28] [29] [30] . Variable expressivity has been observed for mutations found in both JAG1 and NOTCH2 [26, 31] . This type of variability has particularly been associated with liver disease (Fig. 1b, c) , with the clinical manifestations ranging from mild biochemical abnormalities to severe cholestasis, and roughly 15% of ALGS patients will ultimately require a liver transplant [30] . Multiple studies have sought to identify predictive factors that will allow clinicians to distinguish who will likely advance to end-stage liver disease and require a transplant, but these studies have met with varying success [12, 32, 33] . Although it was found that liver disease status under 5 years of age was not a stable predictor of long-term disease progression, a new prognostic method, which analyzes serum total bilirubin, liver biopsy fibrosis, and xanthomas, has shown some benefit in helping to predict the likelihood for future liver transplant [32, 33] .
Candidate Modifiers of Liver Disease Severity
In the absence of an identified environmental factor that could influence disease severity or a single biomarker that can successfully predict liver disease variability, studies have been conducted to question whether a second genetic or epigenetic modifier may affect disease severity and progression. Multiple reports have interrogated the role that post-translational modification of the JAG1 or NOTCH2 proteins may have on modifying the disease phenotype. Of particular interest is the function of glycosyltransferases, which can alter receptor-ligand affinity by facilitating O-fucosylation or O-glycosylation of EGF-like repeats, which are functional motifs that are present in both JAG1 and NOTCH2 proteins [34, 35•, 36] .
Using mouse models, Ryan et al. showed a role for a family of glycosyltransferases, the Fringe genes, in bile duct proliferation by analyzing mice that were haploinsufficient for both Jag1 and each of three related Fringe genes [34] . These mice showed differences in postnatal bile duct growth that suggested a possible modifier role for this gene family in ALGS. Similarly, a separate study investigating the liverspecific glycosyltransferase, Rumi (the mouse homolog of the human gene POGLUT1), showed that haploinsufficiency of both Jag1 and Rumi resulted in an increase of bile duct paucity and a decrease in the total number of biliary cells in the periportal regions [36] . Importantly, since both Jag1 and Rumi heterozygote animals had no phenotype alone in this model (a new heterozygous model of Jag1 does have an ALGS-like phenotype and will be further discussed below [35•] ), the authors concluded that the liver disease induced by the double heterozygotes showed dosage sensitivity of Rumi to Jag1, such that when JAG1 is limiting, downstream signaling becomes highly sensitive to Rumi-specific O-glycosylation. Building on this finding, a subsequent study using a more refined Jag1 mouse model of ALGS confirmed a role for Rumi in altering the liver phenotype but remarkably observed the opposite effect. In this mouse model, decreasing levels of Rumi were found to oppose JAG1, suggesting that a reduction of Rumi was protective of liver function [35•] . These observations lead to the proposal that Rumi functions to glycosylate the extracellular domain of JAG1, which further abrogates JAG1 function. Therapeutically, the liver-specific expression of Rumi offers an advantageous way to target glycosylation events only in the tissue of interest, which would be ideal for the development of potential treatments. Although these studies do not conclusively identify glycosyltransferases as genetic modifiers of ALGS, they do provide evidence warranting future study to accurately pinpoint this post-translational effect on downstream Notch signaling.
Work by our group has also attempted to identify genetic modifiers of liver disease severity in ALGS. We performed a genome-wide association study (GWAS) after stratifying ALGS patients with known JAG1 mutations into two groups based on whether they had a mild or severe presentation of liver disease in an effort to uncover a putative risk allele [12] . We identified a candidate locus upstream of the THROMBOSPONDIN 2 (THBS2) gene, which encodes an extracellular matrix protein that we show to be expressed in bile ducts and periportal regions of the mouse liver. We further demonstrated that THBS2 protein both interacts with NOTCH2 and can inhibit JAG1-NOTCH2 binding, supporting a role for THBS2 as a candidate modifier of liver disease severity in patients who have a JAG1 mutation. This research is ongoing, and we are currently pursuing animal models to further define a possible functional role for THBS2 in ALGS.
Functional Modeling of Alagille Syndrome Haploinsufficiency
Haploinsufficiency is a disease mechanism that arises when loss of a single allele of a gene results in insufficient protein product to support downstream function. This is distinct from other types of autosomal dominance, such as that induced by a dominant negative mechanism in which the mutant allele inhibits the proper function of the wild-type allele. The mechanism by which haploinsufficiency induces a phenotype has been proposed to result from two scenarios that are eloquently described by Wilkie [37] and include (1) obstruction of a metabolic pathway via loss of an important, rate-limiting intermediary and (2) reduced dosage of a gene that is required to work at a specific threshold [37] . In its first description as a disease caused by mutations in JAG1, ALGS was hypothesized to result from haploinsufficiency arising from a reduction in gene dosage based on the observation that patients with gene deletions and patients with frameshift or missense mutations share a clinically-similar disease presentation [15] . This hypothesis has been subsequently supported by studies showing that missense mutations in JAG1 result in improper trafficking of the protein to the cell surface and thus a reduction in gene dosage rather than aberrant expression of a mutant protein [18] [19] [20] [21] .
With a well-defined genetic etiology and disease mechanism of haploinsufficiency, models of ALGS are vital to advance scientific understanding of this disease towards clinical treatments. Below, we aim to provide a broad overview on the current state of both animal and in vitro cellular models of ALGS. We have referenced multiple recent reviews that elaborate many of these studies in more detail than we are able to here, and we encourage you to refer to these for additional information.
Animal Models
The first mouse model of Jag1 was introduced only 2 years after mutations affecting Notch signaling were established as the underlying cause of Alagille syndrome [38] . As would be expected given the developmental importance of Notch signaling in multiple organ systems, Jag1 homozygous null mice died by embryonic day 10, as a consequence of vascular defects [38] . Disappointingly, the heterozygous Jag1 loss of function mice described by Xue et al. did not exhibit any of the ALGS-associated phenotypes seen in human disease other than an eye dysmorphology [38] . However, when these heterozygous Jag1 null mice were crossed with mice that expressed one wild-type and one hypomorphic Notch2 allele, the resulting progeny displayed phenotypic characteristics that are strongly associated with ALGS, including intrahepatic bile duct paucity, severe cardiac defects, and renal disease [39] .
Although promising, the liver phenotype in these mice is more severe than is seen in human ALGS patients, with bile duct paucity arising at birth, and other features of ALGS are absent, including vertebral and craniofacial abnormalities. Moreover, these mice require mutations in both Jag1 and Notch2 to produce a phenotype, whereas the human disease only requires a single mutation in a single gene.
In the 2 decades that have ensued since these seminal papers, multiple groups have continued the quest to establish a mouse model of ALGS. These studies have included the generation of conditional knockout animals that have extended our understanding of early liver development and elucidated the specific cellular context that underlies the hepatic phenotype in ALGS, namely that JAG1 expression in the portal vein mesenchyme, but not in hepatoblasts, is required to avoid the associated liver disease [40, 41] . A comprehensive review of these and other fundamental Jag1 and Notch2 mouse models that have contributed to our understanding of ALGS was published in 2015 and will not be further discussed in this report [42] .
More recently, and perhaps most excitingly, has been the first publication of a heterozygous Jag1 null mouse that appears to mimic the human disease and thus represent the first haploinsufficient mouse model of ALGS [35•, 43] . This was accomplished by repeatedly backcrossing the Jag1 null mouse on a C57BL/6 background to eliminate genetic heterogeneity. Cytokeratin staining in livers of the resultant heterozygous animals shows less organization of the ductal plate in late embryogenesis and bile duct paucity at birth in concordance with a reduction in biliary epithelial cells and vascular smooth muscle cells perinatally [35• ]. An essential concept of haploinsufficiency is a dependence on gene dosage to affect phenotype. Thakurdas et al. took their ALGS model a step further and eliminated one copy of the Rumi gene which, as discussed above, functions to post-translationally modify JAG1 by adding O-glucose to JAG1 EGF repeats, a process that has been previously identified to affect Notch signaling [35•, 36] . Mice heterozygous for both Jag1 and Rumi were found to have reduced bile duct paucity, suggesting that loss of Rumi helps to rescue the hepatic phenotype in the Jag1 heterozygous animals [35•] . Collectively, this report not only characterizes a heterozygous model of Jag1 that recapitulates the human ALGS phenotype but also shows that the severity of the liver defect in these animals can be ameliorated by abrogating JAG1 glycosylation through a reduction in Rumi, providing a model that truly mimics the haploinsufficiency seen with the human disease.
In addition to mice, zebrafish have also proven valuable as animal models of ALGS. Due to gene duplication events, zebrafish express three different jagged genes, and work has shown that cooperative knockdown by morpholino injection targeting the jagged1b and jagged2 genes results in a highly disrupted intrahepatic biliary system with extreme bile duct paucity that phenocopies ALGS [44] . Importantly, Lorent et al. were able to show that the severity of liver disease exhibited dose-dependency and that the phenotype could be rescued by injection of full-length human JAG1 mRNA, again supporting a disease mechanism of haploinsufficiency of Jagged protein [44] .
iPSC Models
A prerequisite to the identification of effective therapeutics for any disease is the development of an in vitro assay to study patient-derived tissue samples. Differentiated somatic cells pose long-term culturing problems due to their inherent low proliferative capacity. Conditions have recently been described to achieve long-term culture of bipotent liver progenitor cells acquired from liver tissue, which form organoids that are genetically-stable in vitro and appropriately express biliary markers [45] . Even more recently, a cocktail of small molecules has been published that have the potential to convert mature hepatocytes into bipotent chemically-induced liver progenitor cells with the capacity to differentiate into both mature hepatocytes and biliary epithelial cells [46] . Indeed, Katsuda et al. were able to show that these cells are able to repopulate chronically injured liver tissue [46] . Thus far, these experiments have been done only in rat and mouse, and it remains to be seen whether human hepatocytes are chemically-susceptible to this conversion. Although promising, the pathophysiological importance of these hepatic cell models is dampened slightly by both their static nature-they inherently allow only for the study of events downstream of differentiation and not key developmental time points that may be vital to disease initiation-and the inaccessible location of the liver, which requires invasive techniques for sample acquisition.
Since the discovery of the Yamanaka factors and their ability to induce pluripotency when overexpressed in human somatic cells in 2006, the emergent field of induced pluripotent stem cell (iPSC) biology has become instrumental in facilitating advances in disease therapies [47, 48] . At the epicenter of iPSC clinical endeavors are hepatic cells since they offer a preclinical method for performing pharmacokinetics and toxicology studies. A review on modeling liver disease by iPSCs has recently been published and thoroughly describes the successes and future of hepatic iPSC models by focusing on four groups who have each made independent advances in modeling techniques, which will be briefly mentioned here [49•] .
Original reports characterizing protocols for the generation of cholangiocytes from human embryonic stem cells, iPSCs, and hepatoblasts (HepaRG cells) showed early success in obtaining these cells in monolayer [50, 51] . Notably, studies showed that these cells were functionally similar to cholangiocytes, could respond to calcium stimulation, and also were capable of forming duct-like structures and primary cilia [50, 51] . To build on this work, subsequent methods were focused on creating even more physiologically-relevant systems that use 3D culture conditions resulting in cells that exhibit fluid secretion and have been used to model ALGS [52•, 53] . Of particular interest is the work done by Ogawa et al., which capitalizes on the importance of Notch signaling in the developing liver via a protocol that requires co-culture of iPSCs with OP9 stromal cells, a cell type that expresses JAG1 [52•] . The utilization of these cells provides an intriguing context within which to study the way that various JAG1 or NOTCH2 mutations impact cholangiocyte development, and it will be exciting to see the work that derives from those types of experiments. Cumulatively, the work described in the past 5 years by these groups certainly defines advanced protocols that provide relevant cell types and assays that can be used to interrogate the behavior of these cells to therapeutic manipulation [49•] .
Clinical Applications: Towards a Treatment
As mentioned in the introduction, current treatments for the liver phenotype of ALGS include medication to treat the sequelae of poor liver function (including pruritus) as well as more invasive options, such as liver transplant, for patients presenting with more severe forms of cholestatic disease. The fundamental importance of the Notch pathway throughout development and in the pathogenesis of many different diseases has already instigated the study of therapies that target and modify Notch signaling [54] . Here, we theorize on the future of ALGS therapeutics that could be envisioned given the current state of functional disease models and cell-based technologies.
Potential for iPSC Therapies: Transplantation
The emergence of in vitro models of iPSC-derived cholangiocytes provides an exciting and promising new direction towards ALGS therapeutics. At its core, ALGS is a cholangiopathy, and even patients who do not require a liver transplant are burdened with impaired liver function. iPSC technology provides a unique mechanism whereby a patient's own cells can be corrected and reintroduced into a diseased liver, a process that eliminates the risk of rejection and immunosuppression that is frequently seen with liver transplantation. Investigations aimed to reduce barriers to this type of therapy, which include low engraftment frequency and longterm engraftment potential, have already shown promise [51, 52•] . In describing their iPSC model, De Assuncao et al. additionally showed that their differentiated human cholangiocytes were able to engraft in portal tracts of immune competent mice after retrograde intra-biliary infusion and that these cells formed de novo duct-like structures by 3 days postengraftment [51] . Similarly, Ogawa et al. also assayed the engraftment capacity of their differentiated cholangiocytes by implanting them with Matrigel into mammary fat pads of immunocompromised mice and assessed functionality by showing that these cells were capable of transporting a dye, rhodamine 123, into the lumen [52•] . Although still in their early stages, these studies are beginning to investigate the feasibility of iPSC transplantation in the liver.
Equally important as the ability of iPSCs to engraft into liver tissue is their ability to introduce a genetically-corrected, healthy liver cell. At the current state of research, this concept is primarily hypothetical for ALGS, although a variety of possibilities to achieve this result can be postulated. Given a disease mechanism of haploinsufficiency, it can be hypothesized that increasing the expression levels of JAG1 in the diseased liver may overcome this deficiency by either (1) rescuing the mutant allele or (2) overexpressing the wild-type allele. As mentioned above, animal studies have shown that JAG1 expression is dispensable in hepatocytes and biliary epithelial cells, but necessary in the portal vein mesenchyme [40, 41] ; thus, cell type-specificity is an important consideration when visualizing these types of experiments.
The discovery of clustered regularly interspaced short palindromic repeats (CRISPR)-mediated systems for gene expression modulation has been paradigm-shifting for the field of gene therapy [55] [56] [57] [58] [59] . Briefly, this 2-component system involves a guide RNA that site-specifically targets a gene of interest, a CRISPR, and a Cas9 enzyme that associates with a CRISPR and is able to nick DNA [59] . The result is that DNA replication can be rendered inactive via the nick or that a new sequence can be inserted through homologous recombination with a CRISPR sequence. Gene editing by homologous recombination through either CRISPR-or zinc-finger nucleasebased systems provides a mechanism to site-specifically correct a mutation in vitro and repair both nonsense-and missense-mutant alleles [55] [56] [57] [58] . Success using this type of technology in iPSCs has been seen with CFTR, the gene that is defective in cystic fibrosis [60] . Cultured iPSCs with defective CFTR have been shown to have restored function as assayed by reestablishment of chloride channel transport after zincfinger nuclease-mediated editing of a mutated locus [60] . Although promising, these technologies are limited specifically to missense-and/or nonsense-mutant alleles (42% of reported JAG1 mutations). This technology would not be applicable to patients with full gene deletions (11%), frameshift mutations caused by insertions and deletions (36%) or splice site mutations (11%) (Spinner lab, unpublished data).
To circumvent this issue, upregulation of the wild-type allele is an auspicious alternative. A modification of the CRISPR system allows for the CAS9 enzyme to be rendered inactive and tagged with transcriptional activators, so that rather than catalytically producing a nick, it becomes rewired to promote gene expression at locations that are specifically recognized by the associated CRISPR [56] [57] [58] 61] . Modification of this system and other types of RNA activating technologies has resulted in similar techniques with varying advantages and disadvantages. For instance, Fimiani et al. designed a synthetic ribonucleoprotein transcription factor that shows the same specificity as CRISPR systems, but with the advantage of a smaller size, which they suggest may help with delivery [62] . It is possible to envision utilizing these types of technologies in differentiated cholangiocytes from patientderived iPSCs to study potential therapeutic options of upregulating the endogenous, wild-type JAG1 allele. As techniques for generating these types of cells are already being optimized, it is likely that many of these experiments may already be underway.
Small Molecule Screening
Although genetic engineering and transplantation of iPSCs are obvious therapeutic options for ALGS, iPSCs are also excellent model systems for candidate drug screening. The ability to tissue-specifically differentiate these cells provides an optimal method to screen small molecule libraries in the unique setting of individual patient samples with various genetic backgrounds, including different JAG1 or NOTCH2 mutations. These types of studies are currently ongoing for a variety of other diseases. Frontotemporal lobar degeneration occurs via haploinsufficiency of the GRN gene, which encodes the protein progranulin (PGRN), and a recent study to screen a library of small molecules identified a naturally-occurring disaccharide, trehalose, as a molecule capable of increasing endogenous PGRN levels [63] . This group confirmed their findings in both an animal model of the disease and in iPSCs that had innate GRN mutations. Similarly, Ogawa et al., whose work on optimizing iPSC culture conditions for cholangiocytes was previously introduced, tested the ability of their system to function in drug screening by using cells derived from patients with mutations in the gene CFTR, which is impaired in cystic fibrosis [52•] . Here, they showed that a cocktail of molecules hypothesized to show efficacy as a possible therapy was in fact able to restore function using a fluid transport assay. Finally, Sampaziotis et al. showed that in their hepatic iPSC model, they could block cleavage of NOTCH2 through the use of a known gamma-secretase inhibitor and prevent downstream signaling, both confirming the physiologic relevancy of their model and setting the stage for screening of novel compounds [53] . The recent description of a haploinsufficient JAG1 mouse further provides a way to take these types of in vitro findings and test them directly in an animal model [35•] . Although still in its early stages, the concept of utilizing small molecules to modulate JAG1-NOTCH2 signaling is no longer in its infancy, and the existence of physiologically-relevant in vitro systems in which to study these therapies provides an ideal model for the maturation of novel treatment modalities for ALGS.
Conclusions
In the 20 years since ALGS was first recognized as a haploinsufficient disease caused by impaired Notch signaling, the fields of genetics and biology have harmonized to produce a strong understanding of disease etiology. Although questions still remain regarding phenotypic disparities between patients, progress with animal and in vitro modeling and advances in biotechnology have provided scientists with resources to tackle these lingering problems. It is our hope that the possibilities offered by these scientific advances will lead to exciting, novel treatment therapies for patients with ALGS.
